We sequenced the mitochondrial DNA D-loop regions from two cetacean species and compared these with the published D-loop sequences of several other mammalian species, including one other cetacean. Nucleotide substitution rates, DNA sequence simplicity, possible open reading frames (ORFs), and potential RNA secondary structure were investigated. The substitution rate is an order of magnitude lower than would be expected on the basis of reports on human sequence variation in this region but are consistent with interspecific primate and rodent D-loop sequence variation and with estimates of substitution rates from whole mitochondrial genomes. Deletions/insertions are less common in the cetacean D-loop than in other vertebrate species. Areas of high sequence simplicity (clusters of short repetitive motifs) across the region correspond to areas of high sequence divergence. Three regions predicted to form secondary structures are homologous to such putative structures in other species; however, the presumptive structures most conserved in cetaceans are different from those reported for other taxa. While all three species have possible long ORFs, only a short sequence of seven amino acids is shared with other mammalian species, and those changes that had occurred within it are all nonsynonymous. We conclude that DNA slippage, in addition to point mutation, contributes to the evolution of the D-loop and that regions of conserved secondary structure in cetaceans and an ORF are unlikely to contribute significantly to the conservation of the central region.
Introduction
Sequence changes in animal mitochondrial DNA (mtDNA) are of four principal types: sequence rearrangements, additions, deletions, and nucleotide substitutions (see Brown 1985 ) . In the derivation of phylogenetic relationships (see Wilson et al. 1985 ) , most emphasis has been placed on nucleotide substitutions. In a number of species overall substitution rates in mtDNA have been estimated to be 5-10 times greater than in single-copy nuclear DNA (Brown et al. 1979) , although rates vary between different parts of the mitochpndrial genome.
Several studies have suggested that the most rapidly evolving part of the mitochondrial genome is the noncoding control region which contains the D-loop (e.g., see Upholt and Dawid 1977; Walberg and Clayton 198 1; Chang and Clayton 1985) . The size of this region varies among animal species, from -200 to 4,100 bp (Brown 1985) . The substitution rate in the human D-loop has been estimated to be from 2.8 (Cann et al. 1984) to 5 (Aquadro and Greenberg 1982) times the rate found in the remainder of the mitochondrial genome, although there are a number of conserved blocks near the promoter sequences, one of which has been associated with a function (Chang and Clayton 1985) .
For the current study the entire D-loop regions from a minke whale (Balaenoptera acutorostrata) and from three killer whales (Orcinus orca) were sequenced and aligned with the published sequence for Commerson's dolphin (Cephalorhynchus commersonnii; Southern et al. 1988 ). The substitution rate was found to be an order of magnitude lower than that suggested for the human D-loop region and to be no higher than the estimated rate for the rest of the cetacean mitochondrial genome (Southern et al. 1988) . However, comparisons with primate (Foran et al. 1988 ) and rodent ) D-loop sequences suggest that the substitution rates in the primate, rodent, and cetacean D-loops are similar. On the other hand, deletions/insertions are less common in the cetacean D-loop and are clustered at its 5' and 3' ends. Analysis of regions homologous to conserved secondary-structural features and to a suggested open reading frame (ORF) suggest that conservation of these elements alone is insufficient to explain the different degrees of constraint on nucleotide substitution within the D-loop. Further, simplicity profiles suggest that DNA slippage may have been frequent outside the conserved central region of the D-loop.
Material and Methods
The D-loop region was amplified from whole-cell DNA preps by the polymerase chain reaction ( PCR; Mullus and Falooma 1987) . DNA was phenol/chloroform extracted from skin (minke whale) or whole blood (killer whale). Oligonucleotide primers were designed to be similar to the highly conserved anticodon regions of tRNAs 5' and 3' to the D-loop region (Thr and Phe) . The 3 ' region of each primer was identical to published sequences from Commerson's dolphin (Southern et al. 1988) , human (Anderson et al. 198 1) , and cow (Anderson et al. 1982) . The 5 ' regions were designed to include an EcoRI site at the 5' end of the amplified sequence and an XhoI site at the 3' end. The sequence and position of the primers are shown in figure 1. Wholecell DNA including mtDNA ( -100 ng of nuclear genomic DNA) was washed in equal volumes of 0.1 M NaOH and 0.1 M KH2P04 and cycled 25 times at 93°C for 0.5 min, 50°C for 1 min, and 70°C for 1 min in the following assay conditions: 5 mM KCl, 1 mM Tris/HCl pH 8.3, 1.5 mM MgC12, 0.1 mg gelatin/ml, 200 uM each of ATP, TTP, GTP, and CTP, 1 uM of each primer, and 1 unit of Taq polymerase in a total volume of 50 pl.
Amplified D-loop DNA was then subcloned into bluescript sk+ vector and grown up in the TGl reef-Escherichia coli strain. Internal HindIII, BarnHI, and SmaI sites were conserved between killer whale, minke whale, and Commerson's dolphin Dloop regions (Hoelzel 1989) . Therefore, clones were ligated into HindIII/BamHI (362 bp), BamHI/SmaI (355 bp), and SmaI/XhoI (237 bp) restriction sites. EcoRI/BamHI (466 bp) was used for one individual for both the orca and minke whales to allow the determination of the D-loop sequence at the extreme 5' end. The resulting sequences for the killer whale and minke whale were compared with the published D-loop sequence from Commerson's dolphin (Southern et al. 1988) . Although overlapping sequence was not determined across the BamHI and SmaI sites, continuity with the published dolphin sequence indicates that small fragments between sites were not lost. Both sites are within the most conserved region of the D-loop sequence.
DNA was purified from the cells by standard alkali miniprep protocol (see Maniatis et al. 1982) . The inserts were then sequenced in the double-stranded vector by the Sanger chain termination method (Sanger et al. 1977) as modified for the Sequenase protocol (United States Biochemical). A minimum of two clones were sequenced for each fragment and on both strands.
Sequence alignment was accomplished with the Barton multiple-sequence-alignment computer program (Barton and Stemberg 1987 ) . Sequence simplicity was analyzed using the SIMPLE program (Tautz et al. 1986 ). Fickett's ( 1982) testcode algorithm was implemented under the GCG sequence analysis package (Devereux et al. 1984) . Conserved RNA secondary structures were determined by comparing the minimum-energy structures produced by the FOLD program (Zuker and Stiegler 198 1) for all three cetacean species. Common features were identified and used as the basis of consensus secondary structures by using compensatory mutations to identify conserved stems.
Results

D-Loop Sequence Data
The overall length of the D-loop sequence was similar for the three species: 946 bp in the minke whale, 92 1 bp in the killer whale, and 900 bp in Commerson's dolphin ( fig. 2 ). The distribution of mutations for cetacean and primate species is illustrated in figure 3 . Both deletions and substitutions were clustered at the cetacean L-strand 5' end. The opposite pattern (changes clustered at the 3' end) has been reported for mouse and rat D-loops . A region of conserved sequence shared among the three cetacean species and all other mammals investigated so far is blocked off in figure 2 (see Anderson et al. 1981 Anderson et al. ,1982 Bibbet al. 1981; Southern et al. 1988) .
The proportion of basepairs deleted or inserted (the number of basepairs deleted or inserted divided by the number of basepairs in the longer sequence) was higher in the primate D-loops than in the cetacean D-loops, especially outside the central conserved region ( fig. 3) . The proportion of all basepair changes represented by deletions or insertions is 3.0% (28 bp deleted) for minke versus orca, 4.4% (45 bp) for minke versus Commerson's dolphin, and 2.3% (2 1 bp) for orca versus Commerson's dolphin. The largest deletion was 11 bp long, between the minke whale and each of the dolphin species. The proportion of deletions/insertions (determined as above) for comparisons between the gorilla and either the human or chimpanzee D-loop sequences was 19.1%, but that between human and chimpanzee D-loops was only 1.3% (Foran et al. 1988 ). There are 7.7% deletions/insertions between the rat and mouse D-loop sequences ). The number of deletion or insertion events, independent of the length of each event, was also lower for cetaceans than for primates (the number of events divided by the number of basepairs in the longer sequence was 1.0%-l .5% for cetaceans and 1.4%-2.2% for primates).
Base Composition and Sequence Simplicity
The basepair compositions of the D-loops for the three cetacean species are compared in figure 4 . The distribution of adenine-rich areas is roughly equivalent to the distribution of nucleotide changes. The region outside the conserved region was ATrich in all three species, but there was less bias within the conserved region (table 1) . In D-loop regions there was no significant difference (G-test) in CC content for any pairwise comparison between cetacean species.
DNA sequence simplicity is measured by an algorithm (SIMPLE; see Tautz et al. 1986 ) which moves along a sequence searching for repeats of tri-and tetranucleotide motifs within a box stretching for 32 bp on either side of each base. A score (simplicity factor) is generated which is then compared with that for random sequences of the same base composition (relative simplicity factor [ RSF] ) . An RSF value > 1 indicates a greater than random level of DNA sequence simplicity and is indicative of the operation of DNA slippage within the sequence (Tautz et al. 1986 ). All three D-loop sequences show significant levels of DNA sequence simplicity. RSF values were as follows: Commerson's dolphin, 1.232; killer whale, 1.255; and minke whale, 1.243. A graphic display of the distribution of sequence simplicity within these sequences shows concentrations at the light chain 5' (L-5') ends of the sequences ( fig. 5 ), indicating a concentration of the action of slippage at the L-5' end. Saccone et al. ( 1987) identified the L-3' end of the D-loop as a site at which elevated levels of insertions/deletions and substitutions take place. In figure 5 the location of conserved putative secondary structures and the possible ORF (see below) are indicated relative to areas of conservation and simplicity. The simplicity profiles aligned with the pattern of change across the region show peaks where change is greatest in both cetacean and primate comparisons.
ORFs
When Fickett's ( 1982) testcode algorithm was used, two (dolphin and minke) of the three cetacean D-loop sequences showed a high probability of protein coding in only one region. This region lies between the 5' and 3' secondary-structural regions and within the highly conserved central domain of the D-loop ( fig. 2 ).
All three cetacean species show a conserved ATG (translation start) codon which gives rise to an ORF of 105 bp in killer whale and minke whale and of 162 bp in amino acids, respectively. The latter of these conserved blocks contains the motif LFSLRAH which was identified by Saccone et al. ( 1987) as conserved in ORFs from other vertebrates. As a result of a series of insertions/deletions immediately downstream of the sequences encoding this motif, the dolphin ORF continues a further 57 bp after the TAAs terminating the minke and killer whale ORFs. Similarly, the full extent of the potential ORFs are longer than those originating at the conserved ATG, as all three species have potential start sites farther upstream. This increases the ORF sizes to 255 bp in the minke whale, 243 bp in the killer whale, and 222 bp in Commerson's dolphin. This pattern of variable start and stop sites is similar to that observed by Saccone et al. ( 1987) in other vertebrates.
Conservation of amino acid sequence between D-loop ORFs so far sequenced is limited to the immediate vicinity of the LFSLRAH conserved motif ( fig. 6b ). If this motif were translated and functionally significant, we would expect to be able to detect evolutionary constraints on the codons encoding it. We therefore analyzed the frequencies of point-mutational substitutions within this eight-codon region. This analysis revealed two first-position, four second-position, and three third-position substitutions. None of these were synonymous changes.
Potential Secondary Structure
Regions homologous to those proposed to form secondary structures in other species can also do so in cetaceans. The consensus secondary structures derived for the three cetacean species are shown in figure 7. The overall form of two of these secondary structures is not conserved between cetaceans and other vertebrates. Brown et al. ( 1986) identified at the 5' end of the D-loop heavy (H)-strand a double structure which they suggested might play a role in the switch from RNA to DNA synthesis taking place near the site of H-strand initiation. The larger and more 5 ' of these (which we call 5 '-1; fig. 7a ) could adopt a cloverleaf-like secondary structure In contrast, the three cetacean species show conservation of an alternative, non-tRNAlike potential secondary structure ( fig. 7a ) which has a number of compensatory point mutations. The simple primary stem (5'-2) formed in other vertebrates can also form in cetaceans, although it contains many G.T oppositions and few Watson-Crick basepairs. The status of the 3' structure in cetaceans is unclear. Compared with the situation in other vertebrates, in cetaceans there are many noncompensatory mutations in this region. One stem shows conservation while two others can form in a truncated or modified form. If the cetacean sequences are considered in isolation, an alternative structure comprising a Single long stem ( fig. 7c ) is more highly conserved, containing a number of compensatory mutations.
Genetic Distance and Substitution Rates
Genetic distance was measured using the formulation of Kimura and Ohta ( 1972 ) 
where k is the percknt difference in sequence composition and is computed both for regions within and outside the central conserved region ( fig. 2 ; see Anderson et al. 1982) and for the D-loop as a whole (table 2). Deletions were not included.
A mean divergence rate (per basepair per year) can be computed from the distance measures presented in table 2 by using the formulation
where T is the time of divergence (Hayashida and Miyata 1983 1985) . The split between orca and the other delphinids was most likely closer to 10 Mya (see Gaskin 1982) , Table 3 gives minimum and maximum divergence rate estimates for each portion of the D-loop.
Sequence Change
In table 4 transition and transversion rates are presented for each comparison between cetacean species. Transitions represented 80% of the changes between the two dolphin species and 61% of the changes between the minke whale and the two dolphins. The bias was strongest within the central conserved region (e.g., for the orca/dolphin comparison, average bias of 3.00 vs. 0.19 within and of 2.13 vs. 0.42 outside).
Discussion
Modes of Sequence Change DNA sequence simplicity is a statistical property of DNA sequences which reflects the overrepresentation of particular tri-and tetranucleotide motifs within them. Sequence simplicity analysis leads to the identification of two kinds of simplicity: pure simplicity, which consists of tandem repetitions of single short sequence motifs, and cryptic simplicity, which consists of small numbers of interspersed motifs. Both kinds of simple sequence give rise to RSF values significantly > 1. The genomic turnover mechanism most likely to result in such patterns is slippage, which results from the mispairing of the two strands of the DNA double helix during replication (for a broader discussion, see Tautz et al. 1986 ). Analysis of DNA sequence simplicity can reveal unexpected patterns of sequence evolution. For example, the expansion segments of vertebrate large-subunit rRNAs appear to have coevolved by the action of slippage generating similar simple sequences in different parts of the rRNA genes . At the same time, the expansion segments have retained a conserved secondary structure by accumulating slippage-generated sequences only at specific locations within the rRNA secondary structure, a process known as compensatory slippage (Hancock and Dover 1990) .
Overall values of RSF for the three cetacean D-loops, as well as simplicity profiles ( fig. 6a ), suggest that, in addition to point-mutational change, DNA slippage plays a part in D-loop evolution. Simplicity profiles show significant peaks, particularly at the L-5' end and in the region of the 5'-2 secondary-structure element. This concentration of sequence simplicity corresponds to regions showing above-average divergence within the three species. A similar analysis of DNA simplicity and levels of variation between three primates (man, chimpanzee, and gorilla) also show high levels of sequence variability and simplicity at 5 ' and 3' ends, as well as strong correlation of simplicity with levels of variability ( fig. 6b ). As would be expected from these results, our estimates of evolutionary rates and distances show a distinction between the central conserved region and the 5' and 3' ends of the D-loop (table 2). Evolutionary-distance estimates which include 5' and 3' D-loop sequences should therefore be treated with caution, although the substitution rates we obtain for these nonconserved 5' and 3' regions are similar to suggested mean synonymous rates in vertebrates (5 X 1O-9 substitutions/ nucleotide / year; Hayashita and Mayata 1983 ) . Further, the pattern of substitutional change over time is as predicted from comparison with the rest of the mitochondrial genome in other vertebrate species (see below).
Constraints on D-Loop Divergence and DNA Slippage
As has been reported previously for other D-loop comparisons, divergence rates vary across cetacean D-loops. A similar pattern is observed for sequence simplicity (see above). Because of the complex set of processes associated with the D-loop region, Recently, a number of other potentially biologically significant features of Dloop sequences have been discovered which might also contribute to this pattern of sequence conservation, in particular the presence of elements of potential secondary structure ) and a conserved ORF (Saccone et al. 1987 ). In either Simplicity profiles were determined using the SIMPLE computer program (Tautz et al. 1986 case, functional structures would be expected to be subject to more constraint than are nonfunctional sequences. However, closer examination of both the variability of secondary structures and the level of conservation within the D-loop ORF do not provide evidence for the patterns of conservation that would be expected in functional elements. The potential secondary structures of the three putative conserved elements within the D-loop show varying degrees of conservation compared with those in other vertebrates. Only the 5'-2 hairpin shows a highly conserved secondary structure accompanied by compensatory mutations. In contrast, both the 5'-1 and 3' stems show poor conservation. Similarly, the ORF found in the central conserved region shows little sequence conservation in comparisons between cetaceans and other vertebrates. High levels of conservation of the cetacean ORF are restricted to a region potentially encoding seven amino acids. Even within this region there is no evidence for selective constraint on the amino acid coding capacity, as all mutations are nonsynonymous. Furthermore, lack of conservation of start and stop codons results in this region being two to three times longer in the cetacean and bovine sequences than in primates, while frameshifts result in the complete loss of sequence similarity, at the amino acid level, between cetaceans and other vertebrates. Thus, although analysis of the cetacean Fickett's ( 1982) method indicates that this ORF has a high probability of being a true coding sequence, analysis of sequence conservation suggests that it is not functional. It may, however, be a relic of a previously functional gene (see Zyskind etal. 1983) .
D-loop by
'
Constraint on D-loop evolution could also result from selection for sequences that code for transcripts involved in the regulation of gene expression and genome replication (Sbisa et al. 1990 ). Sbisa et al. ( 1990) report that the entire D-loop region from rat mtDNA is transcribed. However, these transcripts appear to be processed at the 5' and 3' (nonconserved) ends of the D-loop, making transcripts from the central region relatively less abundant. This suggests that RNA from the conserved central region may not be important for regulation and therefore not be subject to this type of constraint.
Thus, of the identified features of mammalian D-loops, only one-the 5'-2 element of secondary structure-is highly conserved at a structural level suggesting selection for function. However, this structure contains few Watson-Crick basepairs and is not energetically stable. This is an example, also seen in rRNAs, of a stem whose existence is strongly supported by comparative criteria but not by energetic criteria (e.g., stems 34 and 84 of Drosophila melanogaster 26s rRNA; see ). Evidence from primer-extension experiments on Escherichia co/i 16s rIZNA generally supports the conclusions based on sequence comparisons over those based on energy calculations, when predictions based on RNA secondary structure are compared (Moazed et al. 1986 ). Stem 5'-2 may therefore occur in nature. To become stable, it would need to be stabilized by a protein-nucleic acid interaction. It may therefore be a good candidate as a conserved regulatory element.
Rates of Divergence
For the whole mitochondrial genome, the range of estimates of substitution rates is O. l %-2.0% change / Myr in animals [primates, OS%-1 .O% / Myr ; Echinoids, 0.13%-l.l%/Myr; and Drosophila, 0.6%-lA%/Myr (see table 1 in Moritz et al. 1987) ; and mammals, 2.0%/Myr (Wilson et al. 1985) ]. This is considerably higher than the substitution rate for single-copy nuclear DNA in vertebrates [e.g., 0.15%-0.25% / Myr in primates (Vawter and Brown 1986) ]. It has been suggested, especially for human sequences, that substitution rates are higher in the D-loop than in the remainder of the mitochondrial genome (Upholt and Dawid 1977; Walberg and Clayton 1981; Aquadro and Greenburg 1982; Vigilant et al. 1989) . However, the rates determined from interspecific D-loop sequence comparisons for primates [ 0.5%-1 .O% / Myr ( Foran et al. 1988) ], rodents [0.5%-l.O%/Myr )], and cetaceans [0.5%/ NOTE.-The number of transition or transversion events for a given category (e.g., A-G) was multiplied by 6 and divided by the total number of substitutions. This gives a bias index for which 1.0 represents a random frequency. 0 = killer whale; D = Cornmeson's dolphin; and M = Minke whale.
Myr (present study)] suggest little difference in comparison with the remainder of the mammalian mitochondrial genome. Several authors have suggested that the usual disparity in substitution rate between vertebrate nuclear DNA and mtDNA could be explained by the mitochondrial genome having an inefficient repair mechanism compared with the nuclear genome (Brown et al. 1979 (Brown et al. , 1982 Clayton 1982 Clayton , 1984 . Transitions and length variants are the most common forms of replication error (Topal and Fresco 1976 ) , leading to a bias toward transitions that is most evident for close genealogical comparisons. This eventually decreases to parity with increasing divergence time as highly variable sites experience multiple transitions, many of which are back mutations (Hixson and Brown 1986; Moritz et al. 1987) .
The transition bias seen among the three species of cetaceans investigated in the present study is consistent with expectations for mtDNA (see Moritz et al. 1987) , with the exception that the bias is higher than expected for the mysticete/odontocete comparison. This was primarily the result of a high bias in the conserved region. The transition bias for D-loop sequences compared between Commerson's dolphin and human, mouse, and cow sequences (Southern et al. 1988 ) is also higher than predicted by this model (60%, vs. 40%-50%).
Beyond -15% divergence (MO& et al. 1987 ), or 8-10 Myr (Avise et al. 1987 ), a graph of sequence divergence against time would become curvilinear and eventually would reach a plateau. Moritz et al. ( 1987) have modeled this effect for mtDNA proteins and tRNAs by using data from primates, cow, and mouse. For these conserved regions, their model would predict 8%-12% divergence between orca and Commerson's dolphin and 25%-30% divergence between minke whale and either orca or Commerson's dolphin, for the divergence times suggested above. The orca and dolphin Dloops showed 9% divergence, and the minke D-loop compared with the orca and dolphin D-loops showed 20% and 19% divergence, respectively, which is consistent with predictions for the entire mitochondrial genome.
Variation in the D-loop is influenced by several factors including DNA slippage, possible compensatory mutation related to the conservation of RNA secondary structure, and selection especially within the central region. However, as described above, the rate and pattern of change outside the central region is consistent with expectations for synonomous change by point mutation. If DNA slippage is contributing significantly to the diversification of these sequences, as indicated by the concordance between diversity and sequence simplicity, then this could indicate that there is some as yet undescribed selective constraint on these regions. The fact that they evolve at a rate similar to that of the rest of the mitochondrial genome in cetaceans would tend to support this interpretation.
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